Fluorinated oligomer gel is suitable to the electrolyte of dye-sensitized solar cell for low cost production. In this article, addition of pyridine was investigated for the purpose of enhancing the short current density. Two kinds of ionic liquids were tested: imidazolium and pyrazolium systems. The two different stages of adding pyridine to the electrolyte were considered and the amount of pyridine was studied. It was found that the electrolyte including pyrazolium ionic liquids to which pyridine was added before the mixing with fluorinated oligomer showed the highest electric conductivity, short current density and open voltage. This resulted in the highest conversion efficiency of 4%. As the amount of pyridine increased, the fill factor and the open voltage were improved at first, and then the short current density increased. If the pyridine was added more, the short current density conversely decreased.
Introduction
The dye-sensitized solar cell attracts much attention because it is based on the completely different mechanism from the conventional the pn junction of semiconductors [1] . The cell consists of three parts, namely, the anode, the cathode and the electrolyte. The cathode includes TiO 2 nanoparticles, adsorbing dyes such as Ruthenium complex, deposited on a transparent electrode on a glass plate. The light, incoming through the electrode ab-sorbed in the dyes, excites electrons in the dyes to transfer to the electrode. The electrons traveling through the outer circuit come back to the anode or the counter electrode to be injected into the electrolyte for the redox reaction of iodine ions. The ion conduction in the electrolyte is also a key factor for the cell performance.
In early days, the electrolyte consists of a liquid, of which the leakage is a big problem for a long-time use. In order to improve the durability of the cell, the gelation of the liquid electrolyte [2] , the introduction of ionic liquids [3] and solid electrolyte [4] have been successively proposed. The electrolyte requires the high ionic conduction and aggregation not to leak out the cell at the same time. Some researchers introduced an electrolyte of a polymer cross linked by a chemical reaction to be like a net holding an electrolyte [5] . Our group have developed fluorinated oligomer gel electrolyte for a second ion battery [6] , which has been applied to dye-sensitized solar cell afterwards. The advantage of the fluorinated oligomer gel electrolyte is self-aggregation property without cross linkage between chains. The self-aggregation is achieved based on the two mechanisms. One is the intermolecular attraction force between fluorinated alkyl groups; the other is coulomb attraction between a couple of anion and cation that exist in a molecule. The structure of the aggregation is schematically shown in Figure 1 .
We have been studying various aspects of the solar cell with the fluorinated oligomer gel electrolyte. The issues investigated so far are, for example, the TiO 2 particle [7] , the Pt layer on the anode [8] , LiI effect instead of I 2 [9] , and the introduction of ionic liquids [10] , In this article, the addition of pyridine to the electrolyte is considered. Pyridine complex derivatives have been introduced to enhance the cell performance. They are attached to ruthenium dyes and then keep the excited electrons in the dye from flowing back into the electrolyte. This helps to enhance the efficiency of electronic flow into the cathode through the TiO 2 layer [11]- [13] . We added pyridine to the electrolyte at the two different steps, and considered the effect on the performance. We also tried two kinds of ionic liquids in the same way and compared the results of the electric conductivity and the cell performance.
Experimental Details
The forming process of the dye-sensitized solar cell can be divided into three parts: the cathode, the anode, and the electrolyte. At the final stage, the electrolyte was sandwiched between the anode and cathode, and sealed the niche with an epoxy resin. The three parts were prepared as follows:
First, the slurry including TiO 2 nanoparticles of 50 to 70 nm in diameter (offered by Sumitomo Titanium) was mixed for 15 minutes with P-25, the commercially available TiO 2 powder, by 5 wt% of the slurry and polyethylene glycol by the same weight of P-25. And then triton X by 10 μl was added and mixed well for 15 minutes in order to enhance the viscosity to become a paste. The paste was spread over a FTO glass plate by a doctor blade method. This was dried and then sintered in a furnace at 450˚C for half an hour. It was then cooled down to room temperature naturally and soaked in a Ruthenium complex dye diluted with ethanol at 3 × 10 4 mol/l at 50˚C for 24 hours.
Second, the anode was prepared in such a way that Pt was deposited on FTO glass by a DC sputtering apparatus. The sputtering time was 3 minutes and 10-nm thick Pt film was obtained [8] .
Third, the preparation of the electrolyte is described here. The molecular structure of the fluorinated oligomer is shown in Figure 2 . Since the fluorinated oligomer cannot gelate ionic liquids only, the mixture of ionic liquids and dimethyl sulfoxide (DMSO) solved with LiI was used. We used two kinds of ionic liquids: 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (Mi) and 3-methylpyrazolium tetrafluoroborate (Mp). The mixing ratio of DMSO and ionic liquids and the LiI concentration was varied with the type of ionic liquids in order to achieve the highest electric conduction of the obtained electrolyte as reported before [9] [10] . For the Mi case, 15mmol/g of LiI was added to DMSO and mixed with Mi at the volume ratio of Mi:DMSO = 1:9. For the Mp case, on the other hand, 5 mmol/g of LiI was added to DMSO and mixed with Mp at the volume ratio of Mp:DMSO = 3:7. The LiI, DMSO and ionic liquids were mixed for 10 to 20 minutes with an ultrasonic agitation. And then the fluorinated oligomer (wt% of the mixture) was added and sonicated for 200 minutes further. The amount of the added oligomer was about 200 g/l to the mixture that is a critical concentration for the gelation that had been experimentally found. We tried two kinds of steps of adding pyridine: just before mixing the electrolyte with the fluorinated oligomer (Step 1) and after mixing the electrolyte well with the fluorinated oligomer (Step 2). The amount of added pyridine was 20 wt% to the electrolyte.
The electrical conductivity of the obtained electrolyte was measured by a Cole-Cole method. The assembled solar cell was examined on J-V characteristics with a varied resistive load between 0 and 20 kΩ under the exposure of white light from a filtered xenon lamp (AM 1.5) at 55 mW/cm 2 . The lamp used in this experiment was UXL500SX by Ushio inc.
Results and Discussion
The electrical conductivity of each type of the cell is shown in Figure 3 . As reported before [9] , these kinds of samples showed 16.7 mS/cm at most without pyridine. From comparing data in Figure 3 with reported data without pyridine, it was confirmed that the electric conductivity was enhanced by adding pyridine in the electrolyte. Mp showed higher conductivity than Mi, and the tendency was consistent with the reported results. It was also found that Step 1 showed higher conductivity than Step 2 in both ionic liquids.
We show the characteristics and performances of the assemble cells in Figure 4 and Figure 5 , respectively. From Figure 4 , the open voltage is larger for Mp than that for Mi. For each ionic liquid, Step 1 provided the higher open voltage. These tendencies are quite similar to the electric conductivity, though it is hardly understood that the open voltage is directly related to the conductivity of the electrolyte. The short current density behaved a little bit differently.
Step 2 showed larger current density in both cases.
Step 1 with Mp showed significantly large value of 6.3 mA/cm 2 . It was reflected in the performance results shown in Figure 5 . The energy conversion efficiency is outstandingly large to be 4% for the sample of Step 1 with Mp where the other samples showed around 1%. For each ionic liquid, the energy conversion efficiency is the larger for the Step 1 case, but the fill factor is conversely the larger for the Step 2 case.
To summarize these results above, pyridine enhances the open voltage and the short current density at the same time, to improve the energy conversion efficiency for both Mi and Mp ionic liquid. These improvements are more noticeable for the Step 1 treatment than Step 2, except for the fill factor. The difference between the two steps is outstanding for the short current density of the Mp sample, which leads to the conversion efficiency of 4% as a result. The fact that Step 1 gives better performance of the cell than Step 2 tells us that pyridine cannot entirely permeate into the gel after the electrolyte is gelated with the fluorinated oligomer. We are speculating pyridine plays a key role to form a kind of micro phase separation in the electrolyte.
We next show the dependence of the concentration of pyridine on the J-V characteristics in Figure 6 . From 10 to 20 wt% the open voltage increases and the fill factor is highly improved from 0.48 to 0.64 and saturated for the higher concentration. From 20 to 30 wt% the current density leaps up significantly. From 30 to 40 wt% the current density decreases oppositely. We infer that there exist three kinds of effects corresponding to the open voltage increase, the current density increase and current density decrease. Grȁtzel and co-workers re- ported that the addition of 4-tert-butylpyridine into an electrolyte drastically increased the open voltage, the fill factor and conversion efficiency without altering the short current density [14] [15] . The three-step variation of the J-V characteristics in our experiment is of interest. It may be a specific phenomenon for the electrolyte gelated with fluorinated oligomer.
In addition, we tried varying the volume ratio of Mp ionic liquid and DMSO including LiI at 5mmol/g. We obtained the tendency that the short current density decreases as the ratio of ionic liquids increases. The tendency is similar to that reported before without pyridine [10] .
Conclusion
We studied adding pyridine to the electrolyte gelated with fluorinated oligomer. Two kinds of ionic liquids were used in our experiments: imidazolium and pyrazolium systems. We tried two kinds of timing of adding pyridine: (Step 1) after ionic liquids and DMSO with LiI are mixed and before the fluorinated oligomer is added; (Step 2) after the fluorinated oligomer is added and mixed well.
Step 1 provided the higher value in the open voltage, the short current density and the energy conversion efficiency together with the higher electric conduction. As the pyridine increases, J-V characteristics vary in three phases: 1) increasing in the open voltage; 2) increasing in the short current density; 3) decreasing in the short current density.
